Abstract-Inkjet printing has emerged as an ideal method for the fabrication of low cost and efficient electronic systems. However, most of the printed designs at present utilize 2D inkjet printing of metallic inks on conventional substrates. In order to have fully printed RF components, the substrate must also be printed. 3D printing of polymers can be an ideal mechanism for printing substrates, however typically such materials cannot handle high sintering temperatures (>150 0 C) required for nanoparticles based metallic inks. In this work, an all-inkjet printed process is demonstrated that utilizes 3D inkjet printing of a UV-cured dielectric material in combination with the printing of a particle free conductive silver organo-complex ( 
I. INTRODUCTION
Inkjet printing is transitioning from solely a graphic arts medium into a useful fabrication tool. The ability to deposit multiple materials and the scalability of inkjet systems with thousands of nozzles makes it possible to realize large and complex parts. One of the major advancements in inkjet printing has been the use of UV-cured acrylic materials. Like acrylic paints, inks can be made with vibrant colour and immediately cured upon exposure with a low-cost UV flood lamp. A major benefit of UV-cured ink is that the droplet is pinned, which restricts ink spreading due to the polymerization reaction that is immediately induced by the UV exposure. This concept can be taken beyond graphic art to form fully printed 3D parts. While the technology is still in its infancy, commercial 3D inkjet printers are now available from Stratasys and 3D Systems. A major advantage of the inkjet process over other 3D techniques is that multiple materials can be deposited together. So far this has been restricted to the colorful UV cured acrylics and wax/gel like support materials. An exciting opportunity exists for 3D inkjet printing of electronics if a metal could be integrated within the process. To date there have been several reports of 3D printed RF electronics, where the metal has been deposited by sputtering, aerosol, plating solutions, and conductive pastes. [1] [2] [3] [4] In advancement, an inkjet printed metal integration into the UV cure material creating a fully 3D inkjet technique is require for rapid prototyping and electronics fabrication. However, the major difficulty with integrating the metal is the thermal compatibility with the 3D material.
It is no surprise that there have been several reports of inkjet printed inductors and capacitors in literature [5] [6] [7] [8] however, due to the sensitivity to metal conductivity, thickness, and roughness, high quality inkjet-printed RF components combining 3D printing remain elusive. A recent report by Wu et al. shows a novel concept of 3D printing, together with syringe injection of a silver paste at 70 0 C to create 3D inductors and capacitors; however these pastes achieve low conductivity of 2.8×10 5 S/m. [9] This work demonstrates two orders of magnitude higher conductivity 1x10 7 S/m at a low temperature (80 0 C) only using a low cost IR lamp with a fully 3D inkjet printing process. This is capable of creating higher quality components. The key to the fully inkjet printing process is the materials involved, both the SOC ink and the UV cure polymer. The multi-layers fabricated inductor and capacitor exhibit quality factors of 8 and 20 respectively in the RF regime. Using this fully printed multi-layer process, various high quality microwave components can be realized.
II. FABRICATION PROCESS
The steps for the fabrication process are shown in 
III. INK CHARACTERIZATION

A. 3D Printed UV Curable Vero Ink
Stratasys UV cure ink is sold under the name "Vero", and comes in different colors and hardness. From the MSDS of hard Vero White, it is composed mostly of acrylic monomers (<30%), isobornyl acrylate (<25%), and various other components; acrylate oligomers and urethane acrylates. [10] [11] [12] Less than 1% titanium dioxide is used for the white color. The photoinitiator is Diphenyl-2,4,6 trimethylbenzoyl oxide (<2%), which produces a free radical upon UV exposure, initiating the polymer reaction of the acrylic monomers and oligomers. The acrylic monomers are liquid at room temperature but too viscous for inkjet (125cp). Although the Vero ink is tailored for Stratasys Objet product line of 3D inkjet printers, it was more convenient to print with the Dimatix printer. The Dimatix allows control over nearly all print settings. By using a jetting temperature of 60 0 C the viscosity of the Vero ink drops to 20cp, allowing for excellent jetting from the Dimatix 10pL print head.
In order to design radio frequency components with the printable dielectric ink it is important to know the dielectric constant and dissipation factor. From the parallel plate measurements shown in Fig. 3a&b , the Vero material has a dielectric constant of ~3.0 and a dissipation factor of ~0.02 up to 1GHz. 
B. Particle Free Silver-Organo-Complex (SOC) Based
Metallic Ink An in house Silver-Organo-Complex (AOC) ink is utilized in this work which is stable and transparent with full details published elswhere. [13] The AOC ink provides an impressive 1x10 7 S/m, (20%) of bulk conductivity at only 80 0 C. Along with the high conductivity at low temperature the ink exhibits strong adhesion, long term stability (> 5months in a print head), and robust jetting performance. 3D printed material is tested with scotch tape without any removal of the silver film. Briefly, the ink is based on a silver-ethylamine-ethanolamineformate-complex based transparent and stable ink, wherein ethylamine, ethanolamine, and formate species act as in situ complexing solvents and reducing agents. As the ink is exposed with IR lamp for 5 min (~80 °C), elemental silver is the only phase that remains. Pure elemental silver results from the decomposition and reduction of complexes by the formate anion, which leads to the slow evaporation of ammonia and carbon oxide along with the low boiling point reactants. The as formulated ink was used with a drop-on-demand piezoelectric inkjet print head (Dimatix 16010) and a 2831 Dimatix printer. A standard waveform for the Dimatix model ink was and the voltage was varied for each nozzle to obtain 11m/s drop velocity (~23V).
IV. MEASUREMENT AND DISCUSSION
Printed capacitors were measured with an Agilent 4980A LCR meter. Leakage current was measured with (Keithley 4200-SCS). High frequency measurements of the passive devices were taken in a two port configuration using 500 μm pitch Z-probes and a cascade probe station with Agilent E8361A network analyzer. 
A. Breakdown of Capacitors
Metal Insulator Metal (MIM) capacitors were printed with an in-house silver ink for electrodes (discussed in the above section). The capacitors have excellent leakage current values at around 1x10 -10 A/cm 2 at 0.08MV/cm (equivalent to 100V across the 12 μm thick capacitor), as shown in Fig. 4 .
B. Low Frequency Measurement of Printed Metal Insulator Metal (MIM) Capacitors
The capacitors were also tested against frequency and temperature, Fig. 5a&b . While the dielectric behaves well at room temperature and up to 45 0 C, the material shows considerable dispersion at elevated measurement temperature. This is a known behavior in acrylic materials caused from dielectric relaxation at the glass transition temperature, (~50 0 C). A thorough investigation of the dielectric relaxation in thin acrylic sheets has been studied by Wubbenhost et al describing this phenomenon. [14] A complete characterization of the dielectric relaxation with temperature for this material is out of the scope of this work. The important point is that the dielectric is sensitive to temperature and should be operated below the glass transition. The Vero dielectric has also been tested against voltage bias and there is negligible change in capacitance value or quality factor. The major change in both physical and electrical dielectric properties occurs at elevated temperature. There is no issue so long as the material is processed below 80 0 C to avoid excessive warping, and operated below 45 0 C to avoid dielectric changes at the glass transition temperature.
C. High Frequency Measurement for Printed Metal Insulator
Metal (MIM) Capacitors and Inductors Fig. 6 is showing the performance of printed capacitor with different frequency. The capacitor is about 2pF and has a selfresonant frequency of 6.5 GHz. The quality factor of the capacitor starts out at 25, and drops down to zero at selfresonance; this is consistent with low frequency measurements in Fig. 5 . An inductor has also been tested as shown in Fig. 7a&b . This 1.5 turn inductor has a self-resonance at 4 GHz, and is roughly 8nH at 1GHz frequency. The quality factor in simulation is slightly higher than the measurement at 7.5. This is likely due to more resistance from the printed ink than simulated, the inductors are extremely sensitive to conductivity and thickness of the printed ink. These inductors have been printed with 5 layers of SOC ink. The quality factors for both the inductors and capacitors are considered state-of-the-art among inkjet printed passives, even with the low 80 0 C processing temperature. [7] [8] 
V. CONCLUSION
A process is presented where inkjet printed UV-cured polymer, and silver ink are integrated together. A major challenge is integrating a metal with the low temperature UV cure plastic material. A novel silver-organo-complex ink has been deployed, developed in-house which provides a conductivity of 1x10 7 S/m at 80 0 C in order to combine the materials effectively. An inductors and capacitors have been fabricated and measured to demonstrate the utility of the process. The capacitor and inductor exhibit state-of-the-art quality factors of ~20 and 8 respectively in the radio frequency regime. With future advances in printed metals, it is expected that performance could one day overcome conventional fabrication methods.
